Genetic mutations explain only 10-15% of cases of Parkinson's disease (PD), while an overriding environmental component has been implicated in the etiopathogenesis of PD. But regardless of where the underlying triggers for the onset of familial and sporadic PD fall on the gene-environment axis, mitochondrial dysfunction emerges as a common mediator of dopaminergic neuronal degeneration. Herein, we employ a multidisciplinary approach to convincingly demonstrate that neurotoxicant exposure-and genetic mutation-driven mitochondrial dysfunction share a common mechanism of epigenetic dysregulation. Under both scenarios, lysine 27 acetylation of likely variant H3.2 (H3.2K27ac) increased in dopaminergic neuronal models of PD, thereby opening that region to active enhancer activity via H3K27 hyperacetylation. These vulnerable epigenomic loci represent potential transcription factor motifs for PD pathogenesis. We further confirmed the mitochondrial dysfunction induced H3K27ac during neurodegeneration in ex vivo models of PD. Our results reveal an exciting axis of 'exposure/mutation-mitochondrial dysfunction-metabolism-H3K27ac-transcriptome' for PD pathogenesis. Collectively, the novel mechanistic insights presented here interlinks mitochondrial dysfunction to epigenetic transcriptional regulation in dopaminergic degeneration as well as offer potential new epigenetic intervention strategies for PD.
Introduction
Since the first reports of SNCA mutation in the pathogenesis of Parkinson's disease (PD) (Polymeropoulos et al., 1997) , investigations on genetic causes in PD have flourished and gained mainstream attention in the scientific community. However, genetic mutations at 15 loci only explain about 10-15% of PD cases (Dawson et al., 2010; Goldman, 2014) . Notably, mutations of several key PD genes, including PARK2 (Parkin), PARK6 (PINK1), SNCA, and LRRK2, modify key mitochondrial functions (Trancikova et al., 2012; Zanon et al., 2018) . On the other hand, environmental exposure and its interactions with genetic factors are expected to explain the majority of PD cases. Many environmental neurotoxicants are known to impair mitochondrial functions. For example, the mitochondrial complex-I inhibitor rotenone has been implicated in the etiology of PD (Betarbet et al., 2006; Betarbet et al., 2000; Charli et al., 2016; Hatcher et al., 2008; Tanner et al., 2011; Wang et al., 2006) . The neurotoxicity of rotenone exposure is correlated with increased oxidative stress, a damaged ubiquitin-proteasome system (UPS), mitochondrial dysfunction, and impaired neurotransmitter systems (Tanner et al., 2011) . Rotenone inhibits healthy mitochondrial functionality by impairing oxidative phosphorylation and protein synthesis, leading to energy depletion (Li et al., 2003; Wu et al., 2018) . Collectively, mitochndrial dysfunction is key for both genetically and environmentally linked PD; however, the underlying mechanism is not clear.
For non-mutagenic pathways, such as neurotoxicant exposure, PD pathogenesis is expected through epigenetic mechanisms. Recent studies indeed imply that epigenomic alteration plays an important role in the neuropathology and etiology of PD (Horgusluoglu et al., 2017) . We previously discovered that rotenone-induced mitochondrial disorders and accumulation of the major histone acetyltransferase enzyme CBP (CREB-binding protein) led to aberrant increases in the acetylation of core histones in dopamin(DA)ergic cell culture (Song et al., 2010) . Increased acetylation of core histones in an animal model of PD and in human PD brains has been reported (Harrison et al., 2018) . Hyperacetylation makes neurons vulnerable to environmental toxicity, thereby increasing the risk of developing PD (Song et al., 2010) . Though epigenetic modifications have triggered researchers' interest in the context of neurodegneration, the detailed mechanism of neurotoxic pesticide-induced histone modification and its core role in environmentally related PD remains unclear. Among many histone acetylation (HAc) marks, H3K27ac is a robust mark of active promoters and distal enhancers that are tightly coupled to gene expression and transcription factor (TF)-binding, and as a cis-regulatory element, is conservative across different cell types (Heintzman et al., 2009; Marzi et al., 2018; Wang et al., 2008) . Intriguingly, a recent publication also found that some H3K27ac-marked enhancers (that is, latent enhancers) acquired histone marks in response to stimulation and enabled H3K27ac deposition, even though they did not have such characterisitic before stimulusevoked activation (Ostuni et al., 2013) . Therefore, by marking the genome, H3K27ac acts as an epigenomic memory of environmental stimuli and mediates a stronger response upon subsequent stimulation. It represents a homeostatic mechanism that guarantees flexibility and adaptability to environmental change (Haley et al., 2019) . Aberrant H3K27ac modification triggered by environmental stimuli would consequently induce pervasive changes in gene expression. Alterations in gene expression are considered as a fundamental hallmark of environmentally related PD (Borrageiro et al., 2018; Li et al., 2019; Valentine et al., 2019) . Comprehensive genome-wide analysis of gene expression alterations and H3K27ac modifications can better elucidate the complex cooperative biological processes occurring in the genome during PD pathogenesis. However, such high-resolution analysis has never been performed in PD models, and the pattern by which H3K27ac modification cooperates with environmental stimuli and mitochondria impairment to affect PD pathogenesis remains to be elucidated.
Herein, we aim to further explore the predominant mitochondrial dysfunctions in PD, with a focus on how altering the histone code contributes to PD pathogenesis. To uncover molecular mechanisms in nigral DAergic neuronal degeneration following exposure to a mitochondria-impairing neurotoxicant, we mapped the acetylation profile across the genome with a focus on core histone H3. We characterized H3K27 acetylation modification and mRNA transcription levels at certain genomic loci in multiple PD models, including DAergic neuronal cell culture model of PD and ex vivo nigral brain slice cultureWe performed genome-wide ChIP-Seq characterization of H3K27ac as well as transcriptome profiling in DAergic neurons whose mitochondria had been impaired either by exposure to a neurotoxic pesticide or by genetic modification. Integrated bioinformatics analysis of ChIP-Seq and RNA-Seq data were performed to unravel the potential functional role of H3K27ac modification in PD progression. To the best of our knowledge, this is the first time the vulnerable epigenomic loci regulated by H3K27 hyperacetylation in environmental neurotoxicant-induced dopaminergic neurodegeneration have been identified.
Results

Genome-wide hyperacetylation profiling identifies H3K27ac as the key lysine acetylation site in mitochondria-impaired nigral DAergic neurons
Mitochondrial dysfunction has been linked to the alteration of the histone posttranslocation in several disease conditions, but it has not been explored in detail in PD. With mitochondrial dysfunction predominant in many familial PD cases and almost all environmental linked PD. We 1) explored the possibility that even more severe changes in HAc codes are involved in PD pathogenesis, and 2) searched for epigenomic loci that are vulnerable to neurotoxicant-induced alterations in HAc, as implicated by our pioneering report (Song et al., 2010) . In our efforts to untangle the underlying mechanism of hyperacetylation and to map acetylation sites that contribute to neurodegeneration, this is, to our knowledge, the first evidence linking HAc to environmental pesticide-induced PD.
To deal with the low abundance and substoichiometric nature of potential changes (Baeza et al., 2014; Choudhary et al., 2014; Weinert et al., 2014) , we used an optimized AcetylScan method that combines antibody enrichment of PTM-containing peptides with LC-MS/MS to map the lysine acetylation (Kac) sites of the core histones H3/H4. We exposed nigral DAergic N27 neuronal cells to the mitochondrial complex I inhibitor rotenone in a low-dose exposure paradigm (1 M rotenone for 3 h). Cells were processed for Kac sites detection according to Song et al. (2010) and Svinkina et al. (2015) . Although the rotenone exposure was sufficient to inhibit mitochondrial complex-1, it did not induce significant cell death, as measured by MTS assay (Fig. S1 ). To confirm successful treatment, we probed the DNA damage biomarker -H2AX, as reported by Sánchez-Flores et al. (2015) . Notably increased -H2AX occurred in rotenone-exposed samples as revealed by AcetylScan analysis, validating rotenone-induced DNA damage ( Fig. 1A-B ). From our novel AcetylScan method, we attained global, deep coverage of the acetylome, including 3171 acetylation peptides. The relative abundance of Kac peptide data was transformed to log2 for better statistical comparison and followed a median offset correction (normalization), which was set based on overall relative abundance values. Among 3165 (out of 3171) Kac peptides whose fold changes were larger than 2.5-fold, those of histones H3/H4 exhibited remarkably higher fold change in mitochondria-impaired N27 neurons than in naïve neurons. Consistent with our previous data (Song et al., 2010) as well as published papers, these results suggest PD-related mitochondrial impairment induces H3/H4 hyperacetylation. Of at least 10 possible Kac sites on H3 (K4, K9, K14, K18, K23, K27, K36, K56, K64, and K79) and four on H4 (K5, K8, K12, and K16) (Garcia et al., 2007) , the increase of H3K27ac in Hist2h3c2 is far higher than any other elevated Kac sites in the whole cell (e.g., H3K14ac increased 2.9fold), showing a surprising 99.2-fold increase as compared to control (Fig. 1C ). In addition, preliminary data from our lab characterizing H3K27ac in response to rotenone in the context of trained immunity indicated its significant alteration in a PD model. Accordingly, we speculated that H3K27ac plays an essential role in the cellular stress response of environmentally linked PD.
To eliminate the possibility that the high peak of the No.1 peptide was attributable to H3K36ac site rather than H3K27ac, we checked the peptide of a single H3K36ac site ( Fig.  1 C) . The single acetylation site (H3K36ac) had increased only 4.9-fold while the other H3K27ac peptide from histone variant H3.3B had increased 47.1-fold, indicating that H3K27ac is the highly induced Kac site responding to the mitochondria-impairing neurotoxicant and contributing to the corresponding gene expression reprofiling. Since H3K27ac and H3K36ac peaked together in both peptide sequences, it's likely that H3K36ac facilitates H3K27ac to produce distinct outcomes in response to neurotoxicity, rather than H3K27ac alone reacting to cellular stress.
H3K27ac mediates mitochondria-impairing cellular stress in neurotoxicantexposed wild-type and TFAM-KO DAergic neuronal models of PD
To confirm the results of H3K27ac-mediated Kac site profiling in PD, we treated N27 cells with 1 M rotenone for 3 h, and probed samples for H3K27ac and H3K36ac. The rabbit polyclonal antibodies that recognized the same epitopes within the internal region of H3K27ac and H3K36ac in AcetylScan were used. Immunoblot analysis revealed that H3K27ac increased significantly in rotenone-exposed, mitochondria-impaired DAergic neurons, while H3K36ac showed minimal accumulation ( Fig. 1D -G). To further validate the H3K27ac accumulation, we extracted histones from the samples for immunoblots probed with H3K27ac ( Fig. 1H -I), which were consistent with Fig. 1D . Therefore, we conclude that acetylation of the H3K27 site, and not that of H3K36, is the primary response to rotenone.
To further establish the elevated H3K27ac response to mitochondrial dysfunction, we added a distinct, complementary model for independent confirmation. TFAM (transcription factor A, mitochondrial) functions in genome transcription regulation and controls mitochondrial biogenesis (Miyazaki et al., 2012) . Conditionally knocking out TFAM in DAergic cells produces mitochondrial dysfunction, which in mice leads progressively to a suite of neural and behavioral deficits that recapitulate PD (Langley et al., 2018) . Using a CRISPR-Cas9 gene-editing method, we generated a stable TFAM-KO N27 cell line. With a >90% loss of TFAM protein confirmed with immunoblot ( Fig. S2 ), H3K27ac was markedly elevated in TFAM-KO cells compared with CRISPR control cells ( Fig. 1J ). In addition, H3K36ac was not stimulated, as expected ( Fig. 1K ). Histone extracts of TFAM KO verifies this result ( Fig. 1L -M).
Next, we used immunocytochemistry (ICC) analysis to characterize H3K27ac and H3K36ac in our rotenone and TFAM-KO models of PD. Both rotenone-exposed and TFAM-KO N27 cells displayed significantly increased signal intensities of nuclear H3K27ac (red in Fig. 1N , P-Q). However, the H3K36ac signal was much less inducible ( Fig. 1O , P-Q), and therefore, much less responsible than was H3K27ac for the mitochondrial dysfunction. These data are consistent with our immunoblot results above.
To characterize mitochondrial impairment in rotenone and TFAM-KO models of PD, we used the mitochondrial membrane potential indicator JC-1, mitochondria-selective MitoTracker probes, Seahorse Bioscience's extracellular flux analysis, and the mitochondrial superoxide indicator MitoSox. The JC-1 assay shows a decreased red/green ratio in the rotenone and TFAM-KO models ( Fig. S3A -D), indicative of increased depolarization of the mitochondrial membrane. TFAM KO reveals higher cell number in green, indicating more neurons in early stages of cellular apoptosis (Fig. S3E ). MitoTracker probe staining reveals increased mitochondrial circularity and damaged mitochondrial structure in the rotenone and TFAM-KO models ( Fig. S4A-B ). The functional consequences of the mitochondrial damage emerged as reductions in basal respiration rate, spare respiratory capacity, proton leak, and ATP production in the rotenone and TFAM-KO models as revealed by the extracellular flux analyses ( Fig. S5A -C and S6A-C). A cell energy phenotype test shows that rotenone also stressed the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)/glycolysis ( Fig. S5D ), while TFAM KO averaged a lower OCR ( Fig. S6D ) relative to controls. Moreover, oxidative stress was induced in both rotenone-treated N27 and TFAM-KO N27 cells as indicated by the remarkably increased mitoROS production in the MitoSox assay ( Fig. S7A-B ). These data support the hypothesis that mitochondrial dysfunction characterizes both environmentally and genetically induced models of PD. We conclude that H3K27ac, rather than H3K36ac, acts as a critical player in mediating the cellular response to mitochondria-impairing stress and that mitochondrial dysfunction causes the hyperacetylation and the resulting impaired metabolism.
Transcriptomic similarity of neurotoxicant-exposed and TFAM-KO DAergic neuronal cells identifies dysfunctional mitochondria in cellular stress response
Having established that mitochondrial dysfunction can lead to dramatic changes of chromatin structure, we next determined its consequence on the transcriptome. We performed RNA-seq analyses (three biological replicates) of rotenone-treated N27 and TFAM-KO N27 cells. Given that H3K27ac dramatically increases in both rotenone-treated N27 and TFAM-KO N27 cells, we indeed observed stunning numbers of genes either upor down-regulated in both models (detailed below).
In our rotenone PD model, we observed that rotenone exposure upregulated 644 genes and downregulated 767 genes ( Fig. 2A ), based on a false discovery rate (FDR) cutoff of 0.05 (FDR ≤ 0.05) and a greater than 1.5-fold change (log2FC ≥ 0.585) in expression. We further validated our RNA-seq results with qRT-PCR analyses for five selected genes (i.e., ADIPORT1, BTG2, GNAS, RNF2, and TMEM183a) ( Fig. 2B ). These genes are related either to mitochondrial or neuronal functions. For example, deficiency of RNF2 increases autophagy induction (Xia et al., 2014) . The imprinted GNAS gene can accelerate neuron death Martos et al., 2017; Plagge et al., 2008) . To understand the biological roles of the differentially expressed genes (DEGs) upon rotenone treatment, we performed Gene Ontology (GO) enrichment analysis for biological process. The most significantly enriched biological processes for these DEGs were mainly about regulation of the Wnt signaling pathway, NF-κB translocation, the cholesterol metabolic process, transcription regulation, protein function, and cell adhesion/differentiation (Fig. 2C ).
In our TFAM-KO genetic model, we observed that TFAM KO upregulated 813 genes and downregulated 862 genes based on the same criteria applied to the rotenone group ( Fig.  2D ). We also validated our RNA-seq results from TFAM-KO N27 cells with the five genes selected above for qRT-PCR assay and confirmed their expression changes ( Fig. 2E ). GO enrichment analysis revealed that the most significantly enriched biological processes for these DEGs were mainly associated with protein maturation/transport, NF-κB and ERK1/2 signaling pathways, the cholesterol metabolic process, cilium structure, and IL-6 secretion ( Fig. 2F ).
With a large number of genes perturbed in both models (Fig. 2) , we characterized the extent to which rotenone exposure and TFAM KO shared the effect on transcription. Data revealed that a stunning number of up-or down-regulated genes was shared in both models. The majority of upregulated genes (509 out of 645 rotenone-and 814 TFAM-KOupregulated genes) were shared (Fig. 3A) . Similarly, 619 genes were shared in 768 rotenone-and 862 TFAM-KO-downregulated genes (Fig. 3B ). Further GO enrichment analysis showed that these overlapping downregulated genes are mainly enriched in the biological processes including ERK1/2 cascade regulation, NF-kB translocation and signaling, branching structure morphogenesis, and metabolic processes. Overlapping upregulated genes are associated with biological processes such as transcription regulation, cilium morphogenesis and assembly, and the Wnt signaling pathway (Fig. 3C ).
In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation was performed to further explore the function of the parental genes of the DEGs and multiple pathways were identified ( Fig. 3D) . Intriguingly, the metabolic pathway is the most enriched pathway with many DEGs involved and the pathway of highest significance. Additional pathways highly relevant to PD include the apoptosis-related PI3K/AKT signaling pathway, the AMPK signaling pathway activated by falling energy levels yet exacerbating cell death (Curry et al., 2018) , and the TNF signaling pathway associated with mediating neurotoxicity. Collectively, the enrichment further highlights our hypothesized axis of "exposure/mutations-mitochondrial dysfunction-metabolite-H3K27ac-transcriptome' for PD pathogenesis.
ChIP-seq identification of vulnerable genomic loci upon mitochondrial impairment
Our immunoblotting assays revealed globally increased levels of H3K27ac in mitochondria-impaired N27 cells. We next identified what epigenomic loci became more vulnerable to modification and what TFs were activated. We did ChIP-seq analyses in both rotenone-treated N27 and TFAM-KO N27 cells by using our previously characterized anti-H3K27ac (Wang et al., 2009 ). Genome-wide H3K27ac signals were analyzed following our established pipeline. We first determined the H3K27ac distribution at the genome level. Of the peaks identified for H3K27ac, approximately 25% intersected with annotated genes or their proximal promoters (hereafter defined as gene promoter regions located within 2.5 kb upstream and downstream of transcription start sites), though most peaks (75%) corresponded to intergenic regions ( Fig. S8 A) . The genomic distribution of H3K27ac did not differ significantly between the rotenone or TFAM-KO models.
When examining whether H3K27ac's modification status was altered upon mitochondrial impairment, we found that 11.5% of H3K27ac peaks were significantly changed after rotenone treatment, and 8.0% of H3K27ac peaks were significantly changed after TFAM KO ( Fig. S8 B) . Regarding the genomic loci that were made more vulnerable in mitochondrially dysfunctional cells, 2.79% and 2.82% of H3K27ac peaks at annotated genes and their gene promoter regions were significantly changed after rotenone treatment and TFAM KO, respectively. Among these altered H3K27ac signals, we were particularly interested in genomic loci bound by the overexpressed histone mark H3K27ac. A total of 111 H3K27ac peaks located at gene promoter regions increased in rotenonetreated samples when compared to controls ( Fig. 4A) . Similarly, 88 H3K27ac peaks located at gene promoter regions increased in TFAM-KO samples when compared to controls (Fig. 4B ).
Having established that mitochondrial impairment increases H3K27ac, we next determined whether the H3K27ac modification was responsible for any gene expression changes, particularly increased expression (Wang et al., 2009; Wang et al., 2008) . By integrating RNA-seq data, we found that an increase in H3K27ac was significantly associated with transcription promotion in N27 cells undergoing mitochondrial impairment. H3K27ac changes and consistent alteration of transcription across were shown at several genomic loci, illustrating mRNA expression levels sensitive to H3K27ac modification changes induced by our mitochondria-impairing models. We detected abundant H3K27ac in promoter regions together with upregulated mRNA levels at multiple gene loci such as ADIPOR1, GNAS, RNF2, and TMEM47 (Fig. 4C) . These data highlight the association between increased H3K27ac and elevated transcription of these genes.
Characterization of genomic enhancers specific to mitochondria impairment and identification of corresponding transcription factor-binding motifs
Given that multiple genomic loci were influenced by mitochondrial impairment, we hypothesized that non-coding genetic regions like enhancers are affected as well. To identify such specific enhancers related to mitochondrial impairment, we further analyzed our ChIP-seq data using H3K27ac as an enhancer-specific histone modification mark.
After excluding H3K27ac peaks located at gene promoter regions, we found that 14.36% and 9.63% of H3K27ac peaks at distal promoters were significantly changed after rotenone treatment and TFAM KO, respectively ( Fig. S8 ). We further identified 2336 and 601 promoter-distal and putative enhancer regions that increased in rotenone-treated N27 and TFAM-KO N27 cells, respectively ( Fig. 4D-E) . These results indicate that large numbers of enhancers defined by the H3K27ac modification mark were sensitive to mitochondrial impairment, which has implications for enhancer-specific gene regulation related to PD pathogenesis. Moreover, relatively more H3K27ac marked enhancers were affected by rotenone treatment than by TFAM KO, suggesting that the former is involved in more mitochondria-dependent pathways than the latter. Typical enhancers located upstream of BTG2 and FGF5 gene loci are presented in Fig 4F. To identify TFs that interact with aberrant HAc caused by mitochondria impairment, we applied the HOMER tool to scan for TF-binding motifs within upregulated H3K27ac peaks at enhancer regions. We found that most of the enriched motifs in rotenone-upregulated H3K27ac peaks corresponded to TFs with a characteristic ZF (zinc finger-binding) domain or DM (zinc finger-like DNA-binding) domain ( Fig. 5A ). ZF proteins like ZNF264 contributed to the coordinated gene expression changes during brain aging (Hin et al., 2018) and ZNF711 is reportedly associated with mental retardation and cognitive disability (van der Werf et al., 2017) . The DM family of TFs such as DMRT1 and DMRT3 were found to be involved in sexual development (Kopp, 2012) . In contrast, bZIP motifs were more enriched in TFAM-KO-upregulated H3K27ac peaks (Fig. 5B ). The family of bZIP TFs has been assigned important roles in cancer development, hormone synthesis, and reproductive functions (Hoare et al., 1999; Manna et al., 2002; Vlahopoulos et al., 2008) . In particular, AP-1, composed of heterodimers of Fos and Jun, activates SNpc microglia neuroinflammation and drives DAergic neurons toward apoptosis (Tiwari and Pal, 2017) .
To further explore the unknown motif landscape of enhancers, we applied de novo motif discovery on upregulated enhancers related to rotenone exposure and TFAM KO ( Fig 6A   and B ). Although these novel motifs were lacking perfect database matches, HOMER provided similar known motifs which most closely matched the de novo motifs. The most enriched motif in rotenone-upregulated enhancers was related to the homeobox family, playing an important role in morphogenesis in all multicellular organisms (Zhang et al., 2007) . The other enriched motif in rotenone-upregulated enhancers was closely matched with the RBPJ (recombination signal-binding protein for immunoglobulin kappa J region) TF, which was reported to control the Notch signaling pathway by recruiting histone deacetylase or histone acetyltransferase (Borggrefe and Oswald, 2009 ). The most enriched motif in TFAM-KO-upregulated enhancers was matched with FOLS1 (Fos like 1), a component of AP-1 TF complexes and contributes to the regulation of placental development (Kubota et al., 2015) . By revealing the known and unknown TF motifs in neurodegeneration driven by mitochondrial dysfunction, our investigations have shown the intricate connections between epigenetic and transcriptional regulation, providing unprecedented insights into understanding PD pathogenesis.
Mitochondrial dysfunction induces H3K27ac to mediate mitonuclear communication and the loss of DAergic midbrain neurons
The bidirectional regulation between mitochondria and the nucleus, defined as mitonuclear communication, maintains cellular homeostasis and cellular adaptation to environmental stress. Retrograde response signaling from mitochondria to the nucleus adjusts gene expression through epigenomic modifications (Matilainen et al., 2017; Quirós et al., 2016) . Having shown that mitochondrial dysfunction induced H3K27ac to mediate retrograde responses and subsequently alter gene expression in vitro, we then extended these findings ex vivo to rotenone-exposed acute midbrain slices as well as in vivo to the transgenic MitoPark mouse model. The analysis demonstrated mitochondrial dysfunction in treated slices by using COXIII and TFAM as biomarkers (Fig. S9A ). Immunoblot shows significant increase of H3K27ac in the SN, but not the striatum. This was consistent with our in vitro findings that mitochondria-impairing stress triggers mitonuclear signaling that induces H3K27ac ( Fig. 6A-C) .
To examine the impact of H3K27ac on gene expression ex vivo, several upregulated candidate genes were selected from our integrated analyses of RNA-seq and ChIP-seq. Our qPCR analyses of the SN region confirmed notably enhanced mRNA levels of TMEM47 in midbrain slices (Fig. S9B) , which is in accordance with our H3K27ac reads at genomic loci for neuronal models (Fig. 4C and F) . As a transmembrane protein, TMEM47 is reported to negatively regulate Fyn kinase (Dong and Simske, 2016) . Our previous publication shows that Fyn kinase, along with the class B scavenger receptor CD36, regulates the uptake of aggregated human α-synuclein (αSyn), the abnormal protein deposits in PD-associated Lewy bodies (Panicker et al., 2019) . However, the specific function of TMEM47 in human PD is not clear. BTG2 also reveals increased transcription levels. BTG2 targets p53 that negatively regulates cell cycle progression in response to DNA damage and other stressors, and is involved in mitochondrial depolarization (Fig. S3) (Ficazzola et al., 2001) .
Discussion
The integrated genome-wide analysis of H3K27ac distribution and transcriptomic alteration shed light on our hypothesis that H3K27ac plays a critical role during environmentally induced PD pathogenesis. It provides a novel paradigm for studying the epigenetic effects of chronic neurotoxicant exposure in neurondegeneration and reveals H3K27ac as a key epigenetic post-translational modification marker in environmentally linked PD. Altogether, our results reveal a pivotal axis of 'exposure/mutationmitochondrial dysfunction-metabolism-H3K27ac-transcriptome' for PD pathogenesis (Fig. 7) .
To the best of our knowledge, ours is the first study to integrate RNA-Seq and ChIP-Seq data for an in-depth analysis of genomic regions with differential chromatin activity in mitochondria-impairing PD models involving rotenone-treated N27 and TFAM-KO N27 neuronal cells. With this combined approach, we were able to confirm H3K27ac as a key factor involved in the epigenetic regulation of gene expression in mitochondria-impaired N27 cells. Through a series of biochemical studies, epigenomic profiling, and bioinformatic identification, our results reveal an axis of exposure and/or genetic mutationmitochondrial dysfunction-metabolism-H3K27ac/active enhancer activity-transcriptome underlying the neurodegeneration of PD. In our opinion, this working model uncovers a mechanism of mitochondrial dysfunction common to both environmental neurotoxicantand genetic mutation-driven PD. The latter includes genetic mutations of Parkin and PINK1. Our results were consistent at the chromatin structure and transcriptome levels using both the rotenone exposure and TFAM-KO models of PD, thus providing a robust test for the working model. On the other hand, the exposure model seemed to involve more complex pathways than the genetic model.
Comparing rotenone-treated and TFAM-KO N27 neuronal cell models of PD further revealed that an environmental neurotoxicant and a genetic mutation can induce similar transcriptomic changes that converge on shared gene expression changes associated with specific functions. We found evidence for shared functional processes and pathways among DEGs in these two models. Among upregulated genes, strong enrichment occurred in biological processes related to Wnt signaling pathway, transcription regulation, cilia functions, and estradiol responses, all of which have previously been shown to be associated with PD dysfunctions (Gonzalez-Reyes et al., 2012; Siani et al., 2017; Stephano et al., 2018) . For example, impaired Wnt signaling in DAergic neurons has been associated with pathogenesis in a rotenone-triggered PD model (Stephano et al., 2018) . Loss of cilia will decrease the ability of cholinergic neurons to respond to a sonic hedgehog signal that triggers neuroprotective signaling toward DAergic circuits (Gonzalez-Reyes et al., 2012) . Downregulated genes also converged on shared functional categories, such as ERK1/2 regulation, protein maturation, cholesterol metabolic processes, and NF-κB translocation.
It is possible that rotenone neurotoxicity was largely exerted on DAergic neurons through impaired mitochondrial functions. To examine the epigenomic aberrations in mitochondria-impairing PD models, genome-wide H3K27ac profiling by ChIP-Seq was analyzed for differences between rotenone treatment and vehicle control or between TFAM KO and CRISPR control. Overall, specific H3K27ac signatures were identified at promoters and enhancers acting as regulatory elements associated with mitochondrial impairment. Among the identified differential H3K27ac peaks, <3% were located at gene promoter regions in either rotenone-exposed N27 cells or TFAM-KO N27 cells. Several genomic loci appeared to be consistent alteration targets of promoter-H3K27ac modification and gene expression in both model systems tested. RNF2 gene expression was reported to be dysregulated in striatal lesioned brain hemispheres (Sodersten et al., 2014) . TMEM47 has been linked to neuronal development and/or brain tumors (Aruga et al., 2003; Utami et al., 2014 ). This appears to be the first report that these genes are affected in mitochondria-impairing PD models, as well as the corresponding H3K27ac modifications on these gene loci. It is likely that the mRNA expression levels of these gene loci are sensitive to promoter-H3K27ac modification changes resulting from mitochondrial impairment.
In addition to promoter-H3K27ac aberrations, we observed relatively more differential H3K27ac peaks at intergenic regions upon mitochondrial impairment. This is consistent with previous studies. H3K27ac is considered to be the representative acetylation mark to highlight active enhancers (Creyghton et al., 2010) and is more predictive of enhancers than other histone marks (e.g., H3K4me1, H3K4me2, H3K4me3 and H3K9ac) (Fu et al., 2018) . Enhancers are non-directional regulatory elements containing TF-binding motifs. Upon binding with TFs, complexes are formed and alter the 3D conformation of chromatin to promote the transcription of target genes located in cis (Kumar et al., 2013) . Populationscale genetic studies indicate that many sequence variants associated with human diseases reside in enhancers (Ernst et al., 2011; Maurano et al., 2012) . However, little is known about H3K27ac-defined enhancers and their activity patterns in PD. Therefore, we globally interrogated the H3K27ac histone acetylome of enhancers in mitochondriaimpairing PD models. We found that large numbers of H3K27ac-defined enhancers were highly sensitive to the mitochondrial dysfunction resulting from rotenone exposure or TFAM KO. Among the TFs highlighted by motif analysis of upregulated H3K27ac peaks, the ZF factors ZNF264 and ZNF711 show a strong genetic association with neurological functions (Hin et al., 2018; van der Werf et al., 2017) . AP-1, another enriched TF, reportedly promotes microglial neuroinflammation and DAergic neuron apoptosis in the SNpc (Tiwari and Pal, 2017) . Interestingly, AP-1 has also been identified as a key TF enriched by H3K27ac in the brain tissues of a large cohort of autism spectrum disorder patients (Sun et al., 2016) . Furthermore, apart from these known motifs, our de novo motif discovery identified novel non-canonical motifs, providing additional insight into TFbinding preferences. These results suggest that mitochondrial dysfunction, whether induced through neurotoxicant exposure or genetic mutation, influences the binding of distal H3K27ac defined enhancers (regulatory elements), thus affecting the gene expression contributing to the etiology of PD. Future investigations untangling metabolomic changes may prove equally insightful in charactering elevated H3K27ac in mitochondria-impairing PD model systems.
Methods
Chemicals and reagents
RPMI, neurobasal medium, fetal bovine serum (FBS), L-glutamine, IR-dye tagged secondary antibodies, Hoechst nuclear stain, penicillin, streptomycin, horse serum, and other cell culture reagents were purchased from Invitrogen (Gaithersburg, MD). The Bradford protein assay kit was purchased from Millipore. The Phalloidin antibody was ordered from Thermo Fisher Scientific, Protease and Phosphatase inhibitor cocktail from Life Technologies, Acetylation inhibitor cocktail from Santa Cruz, and propidium iodide (PI) from Molecular Probes.
AcetylScan proteomic profiling
AcetylScan proteomic profiling followed the standard protocol as described by Svinkina et al. (2015) . At least 10 T175 flasks of N27 DAergic neuronal cells (seeding density: 6X10 6 ) were grown for each sample (n=2) with 2X10 8 of N27 cells being cultured as one sample. Two samples were used as control. Another two samples of the same cell passage were collected and exposed to treatment. After growing to 70% confluency, cell viability and sub-confluence were inspected by microscopy. Next, cells were treated with 1 uM rotenone for 3 h. After treatment, cell harvesting proceeded until 10 flasks of cells had been collected. Adherent cell cultures were washed by adding 10 mL of 4°C PBS. After pipetting off all PBS, 10 mL of urea lysis buffer (ULB: 20 mM HEPE pH 8.0, 9.0 M Pierce Sequanal grade urea (Cat. No. #29700), 1 mM sodium orthovanadate (activated), 2.5 mM sodium pyrophosphage, and 1 mM beta-glycerol-phosphate) was added to flask#1 before scraping off the cells. For the remaining 9 flasks, steps were the same except the ULB came from the previous flask (e.g., flask #2 used ULB containing proteins from flask#1).Protein was digested and desalted using pre-conditioned C18 solid phase extraction. Peptides were then eluted from antibody beads with 50 µL of 0.15% (TFA), and completely dried by lyophilization. Next, peptides were resuspended and enriched by motif anti-Kac antibodies noncovalently coupled to protein A agarose beads and triplewashed with 1.5 mL buffer (Cat. No. #13416). After immunoprecipitation of beads, the resin was washed and peptides were eluted from it. . For data analysis, sequences were assigned to MS/MS spectra with Sorcerer for relative quantitation. MS/MS spectra were evaluated using SEQUEST (J.K Eng, 1994, J Am Soc Mass Spectrom) and the core platform from Cell Signaling. Searches were performed against the most recent update of the NCBI database with mass accuracy of +/-50 ppm for precursor ions and 1 Da for productions. Results were filtered with mass accuracy of +/-5 ppm on precursor ions and presence of the intended motif. Data were presented by fold change in protein types, which used a 2.5-fold cutoff to determine significant change.
MTS mitochondrial activity assay
At 1 h, 3 h and 6 h post-treatment, 10 μL of MTS dye (Promega) was added to cells in 96-well plates and incubated for 1 h. After incubation, the plates were read at 490 nm (excitation) and 680 nm (background), respectively.
CRISPR/Cas9-based TFAM-KO cell generation
The lentivirus-based CRIPSR/Cas9 TFAM-KO method follows Gordon et al. (2016) . The TFAM-KO plasmid pLV-U6gRNA-Ef1aPuroCas9GFP-TFAM, with the TFAM-gRNA target sequence directed against the exon 1 sequence (CPR555e5e4099bf84.98), was purchased from Sigma-Aldrich. The lenti-CRISPR/Cas9 TFAM-KO plasmid and universal negative control lentivirus (U6-gRNA/CMV-Cas9-GFP) were respectively transfected into 293FT cells using the Mission Lentiviral Packaging Mix (Cat#SHP001, Sigma-Aldrich) according to manufacturer's instructions. The lentivirus was harvested 48 h after transfection and added to N27 cells for infection at an MOI of 100. After 24 h, puromycin (50 μg/mL) was supplemented for stable cell selection.
Mitochondrial membrane potential, morphology, and superoxide production JC-1 mitochondrial potential sensor was purchased from Invitrogen and the standard commercial protocol was followed. Briefly, 2.0 μg/mL of JC-1 diluted in serum-free N27 media was added to N27 cell cultures and incubated at 37°C for 20 min. Following gentle, triple washes with PBS, images were immediately captured by Keyence microscope before cells dried out. The ratio of red to green was calculated. For MitoTracker staining, procedures were similar. Following treatment paradigm, 300 μl of 166-nM CMXROS MitoTracker red dye diluted in serum-free N27 media was added and incubated at 37°C for 12 min. After triple-washing with PBS, cells were fixed in 4% PFA for 30 min prior to following the steps for ICC and 3D imaging. For MitoSox, live N27 cells were stained following the manufacturer's instructions to detect superoxide production.
Mitochondrial bioenergetics analysis
To measure mitochondrial oxygen consumption and extracellular acidification rates, a Seahorse XFe24 analyzer was used for the Mito Stress test. Following Panicker et al. (2019) , 0.75 μM oligomycin, 1 μM carbonyl cyanide p-trifluoromethoxyphenylhydrazone, and 0.5 μM rotenone-antimycin, serum-free medium were used.
Animal studies
All animal studies followed animal procedures approved by Iowa State University's (ISU, Ames, IA, USA) Institutional Animal Care and Use Committee (IACUC). All mice used for this study were bred and maintained under a 12-h light cycle in a climate-controlled mouse facility (22±1°C) with food and water available ad libitum.
Acute midbrain slice
Use of the animals and protocol procedures were approved by the IACUC at ISU. Organotypic slices were prepared as previously described with several steps improved to adapt to a PD disease model (Kondru et al., 2017) . Slice culture buffer Gey's balanced salt solution supplemented with the excitotoxic antagonist kynurenic acid (GBSS) was prepare as the following order: 8g NaCl, 0.37g KCl, 0.12g Na2HPO4, 0.22g CaCl2•2H2O, 0.09g KH2PO4, 0.07g MgSO4•7H2O, 0.210 g MgCl2•6H2O, 0.227g NaHCO3. WT (C57BL/6) postnatal mouse pups (7-to 12-day old) were used as source for live brain slices. The microtome's (Compresstome VF-300, Precisionary Instruments) slicing reservoir was prefilled with freshly prepared, ice-cold sterile GBSS. Dissected midbrain from the whole brain was oriented in the sagittal plane in the Compresstome's specimen tube with 2% liquid agarose inside. After quickly solidifying the agar by clasping the specimen tube with a chilling block, the specimen tube was inserted into the slicing reservoir. Nigrostriatal slices (200 μm) were transferred to 6-well plates with oxygenated GBSS. The plates were preheated to 37°C in a humidified atmosphere of 5% CO2. After a 1-to 2-h recovery, acute slices were treated with 25 µM rotenone for 3 h. Afterward, slices were gently double-washed in ice-cold PBS, temporarily stained with propidium iodide to ensure viability and homogenized to prepare lysates for Western blotting or RNA for qRT-PCR.
SYBR Green qRT-PCR Slices were exposed to rotenone treatment in 6-well plates in an incubator maintained at 5% CO2 and 37°C. Treatments were performed in serum-free RPMI media supplemented with penicillin (100 U/ml), streptomycin (100 ug/ml), and 2 mM L-glutamine. After a 48-h treatment, slices were washed with ice-cold PBS and harvested. RNA was isolated from slices according to Seo et al. (2014) . In brief, slices were lysed in 1 mL TRIzol reagent and incubated for 5 min at room temperature, then 0.2 mL chloroform was added to tubes and incubated for 2 min. Next, tubes were centrifuged at 12,000 x g for 15 min at 4°C. The top layer in the tubes containing RNA were transferred to a new tube containing 0.7 mL isopropanol. After a 15-min incubation, tubes were again centrifuged at 12,000 x g for 10 min at 4°C to precipitate RNA. Later the supernatant was discarded, and RNA pellets were washed with 75% ethanol. After air-drying to completely remove any residual ethanol, RNA pellets were dissolved into water. NanoDrop was used to test their concentration, and 1000 ng of RNA was utilized to convert into cDNA. The high capacity cDNA synthesis kit from Applied Biosystems (#4368814) was used for cDNA synthesis according to manufacturer's protocol. For normalization of each sample in qRT-PCR, the 18S rRNA gene (Cat. No. PPM57735E) was used as the housekeeping gene. Based on manufacturer's guidelines, dissociation curves and melting curves were run to ensure that single amplicon peaks were obtained without any non-specific amplicons. Fold change in gene expression was determined using the ΔΔCt threshold cycle (Ct) method. Quantitative PCR was performed using qRT 2 PCR SYBR Green Mastermix (Agilent). Primers were ordered from Qiagen.
Histone extraction
Histone extraction was performed according to Song et al. (2010) . In brief, samples were incubated with cytosolic extraction reagent I provided by a NE-PER kit (Thermo Fisher Scientific) and 0.5% Triton X-100 for 10 min according to the commercial protocol. Tissue homogenization was processed before incubation. After incubation, the pelletized nuclei were collected following centrifugation at 2000 x g for 5 min and then resuspended in 0.2 N HCl. Overnight incubation at 4°C was performed for complete dissolution of histones. The following morning, samples were centrifuged at maximum speed for 10 min and then the pellets were collected.
Immunoblotting
After rotenone treatment, cells were lysed using modified RIPA buffer, homogenized, sonicated, and centrifuged according to Kaul et al. (2003) . For treated tissue, slices were lysed with modified RIPA, homogenized, and centrifuged. Proteins were normalized using Bradford assay before loading on Sodium Dodecyl Sulfate (SDS)-acrylamide gels. For separation of proteins, 20-40 μg of protein was loaded in each well of 15% acrylamide gels. Acrylamide gels were run at 103 V for 2 .5 h at 4°C. Following separation, proteins were transferred to a nitrocellulose membrane at 25 V overnight at 4°C. After transfer, the membranes were blocked with LI-COR blocking buffer for 1 h and incubated in primary antibodies following manufacturer's protocol. Next, membranes were washed with PBS-TWEEN 20 (0.05%) for 1 h and incubated in LI-COR IR secondary antibodies for 1 h on a belly dancer at room temperature. After washing with PBS-TWEEN for 1 h, membranes were imaged using an Odyssey scanner. The primary antibodies used are as follows: H3K27ac (Cell Signaling, 1:1000), gamma-H2AX (Cell Signaling, 1:1000), TFAM (Santa Cruz, 1:1000), H3 (Millipore, 1:1000) and β-actin (Sigma, 1:10000) as loading control.
The secondary antibodies used are as follows: IR-800 conjugated goat anti-mouse IgG (LI-COR, 1:20000), IR-700 conjugated goat anti-rabbit IgG (LI-COR 1:20000), and IR-800 conjugated donkey anti-goat IgG (LI-COR, 1:20000).
ICC
For ICC, 4% PFA was used to fix N27 DAergic neuronal cells. After a double-wash, fixed neurons were blocked using blocking buffer, and incubated in primary antibodies following manufacturer's protocol. Following primary antibody (H3K27ac 1:500, Cell Signaling) incubation, cells were washed with PBS and incubated in Alexa dye-conjugated secondary antibody. Next, neurons were washed and mounted on slides using Fluoromount aqueous mounting medium (Sigma). Neurons were visualized using an inverted fluorescence microscope (Nikon TE-2000U).
RNA-seq library construction and sequencing
Total RNAs from treatment and control groups were isolated and quality controlled according to the Illumina protocols. A total of 2 μg RNA per sample was used as initial material for library construction. Poly-A containing mRNA molecules was purified by using poly-T oligo-attached magnetic beads and fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments are copied into first strand cDNA using reverse transcriptase and random primers. Strand specificity is achieved by replacing dTTP with dUTP, followed by second strand cDNA synthesis. These cDNA fragments then have the addition of a single 'A' base and subsequent ligation of the adapter. The products are then purified and enriched with PCR to create the final cDNA library. RNA-seq was performed on an Illumina Hiseq X10 platform and 150-bp paired-end reads were generated according to Illumina's protocol. RNA-seq data were submitted to the GEO database.
Whole-genome gene expression analysis
Data analysis was performed similar to Li et al. (2015) . The adapter sequences were removed from the raw sequencing data and the individual libraries were converted to the FASTQ format. Sequence reads were aligned to the rat genome (rn6) with HISAT2 (v2.1.0) and the resulting alignment files were reconstructed with the EdgeR3 package. RefSeq database (Build 37.3) was chosen as the annotation references for mRNA analysis. The read counts of each transcript were normalized to the length of the individual transcript and to the total mapped fragment counts in each sample and expressed as reads per kilobase of exon per million fragments mapped (RPKM) of mRNAs in each sample. The mRNA differential expression analysis was applied to treatment and control groups. An adjusted p value ≤ 0.05 (Student's t-test with Benjamini-Hochberg FDR adjustment) was used as the cut-off for significantly differentially expressed genes. DEGs were analyzed by enrichment analysis to detect over-represented functional terms present in the genomic background. GO and KEGG pathway analysis were performed using the DAVID Bioinformatics Resources 6.8 (Huang da et al., 2009; Kanehisa and Goto, 2000; Valentine et al., 2019) .
Gene expression validation by quantitative reverse transcription-PCR (qRT-PCR)
Total RNAs were isolated and reverse transcribed into cDNAs by using PrimeScript RT reagent kit with gDNA Eraser (Takara Bio Inc., Japan). Five genes related to mitochondria and neurological functions were selected for qRT-PCR assay. Primers are listed in Table  1 . All qPCR reactions were performed on an Applied Biosystems StepOne Real-time PCR system (Thermo Fisher Scientific, USA) using iTaq Universal SYBR Green Supermix (Bio-Rad, USA), with three technical replicates. The amplification procedure was as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 10 sec and 60°C for 20 sec. Relative quantification of target genes was performed using the ΔΔCt method with GAPDH as a reference gene.
Chromatin immunoprecipitation plus deep sequencing (ChIP-seq)
ChIP was performed according to Wang et al. (2009) . In brief, cells were cross-linked with 1% formaldehyde for 10 min at room temperature and quenched with 125 mM glycine for 10 min. After fragmenting into 100 -1000 bp by sonication, chromatin templates from 3 million cells were used for ChIP assay. Samples were immunoprecipitated with 2 g H3K27ac antibody overnight at 4°C followed by washing steps. After reverse cross-linking, ChIP-DNA fragments were purified and constructed into libraries by using the ThruPLEX DNA-seq Kit (Rubicon Genomics, Takara, Japan). Amplified libraries around 300 -500 bp were isolated from agarose gel prior to sequencing. Sequencing was performed on an Illumina Hiseq X10 platform and 150-bp paired-end reads were generated according to Illumina's protocol. ChIP-seq data were submitted to the GEO database.
Identification of H3K27ac regions and peaks
ChIP-seq reads were mapped to the rat genome (rn6) using Bowtie aliger allowing up to two mismatches (Langmead, 2010) . Only the uniquely mapped reads were used for further analysis. SICER call peak program was used to call the peaks with a window size of 200 bp and a gap size of 400 bp, and an E value of 1. The EdgeR3 program was used to identify the differential peaks between treatment and control groups (cutoff: FC>2 and FDR<0.01).
ChIP-qPCR assay
Four gene regions relevant to mitochondria and neurological function were selected for ChIP-qPCR assay and primers are listed in Table2. All qPCR reactions were performed on an Applied Biosystems StepOne Real-time PCR system (Thermo Fisher Scientific, USA) using iTaq Universal SYBR Green Supermix (Bio-Rad, USA) with two technical replicates. The amplification procedure was as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 10 sec and 60°C for 20 sec. Relative quantification of target gene regions was performed by normalizing the Ct of samples to the percentage of Input DNA.
Enrichment analysis of transcription factor motifs
The HOMER ChIP-seq pipeline was applied for analyzing motif enrichment (Heinz et al., 2010) . Motif models were established from the TRANSFAC vertebrate database (Matys et al., 2006) and the enrichment analysis was performed on rotenone-upregulated and TFAM-KO-upregulated enhancer peaks with all peaks as the background. Enriched motifs were classified into known motifs and de novo motifs.
Statistical Analysis
Data analysis was performed using GraphPad Prism 7.0. Normally distributed raw data were analyzed with either Student's t test (2-group comparisons) or one-way ANOVA (>2group comparisons) with Tukey post hoc test unless otherwise mentioned. Statistically significant differences were denoted as * p≤0.05, ** p<0.01, and *** p<0.001.
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